Glycoprotein non-metastatic melanoma protein B (GPNMB) is a transmembrane protein enriched on the cell surface of cancer cells, including melanoma, glioblastoma, and triple-negative breast cancer. There is growing evidence identifying GPNMB as a tumor-promoter; however, despite its biological and clinical significance, the molecular mechanisms engaged by GPNMB to promote tumorigenesis are not well understood. GPNMB promotes aggressive behaviors such as tumor cell proliferation, migration, and invasion. The extracellular domain of GPNMB shed from the cell surface interacts with integrins to facilitate in the recruitment of immune-suppressive and pro-angiogenic cells to the tumor microenvironment, thereby enhancing tumor migration and invasion. GPNMB also modulates receptor tyrosine kinases and integrin signaling in a cell autonomous fashion, leading to downstream kinase signaling that in turn triggers the expression and secretion of tumorigenic factors such as matrix metalloproteinases (MMPs) and cytokines. Therefore, GPNMB exerts its pro-tumorigenic role both intracellularly and in a paracrine fashion through shedding its extracellular domain. This review highlights the importance of GPNMB in cancer progression and discusses molecular mediators of GPNMB-induced tumor growth and invasion.
Introduction
Glycoprotein non-metastatic melanoma protein B (GPNMB), also known as osteoactivin (OA; rat ortholog), dendritic cell-heparin integrin ligand (DC-HIL; mouse ortholog), or hematopoietic growth factor inducible neurokinin-1 type (HGFIN), is a type 1 transmembrane protein [1] . Although GPNMB is a relatively recently described protein with therefore limited information about its function, recent studies reveal an interesting biological role for GPNMB in various cancers. Intriguingly, GPNMB appears to have an inhibitory role in some cancers whereas it may promote metastasis in others. In fact, GPNMB was first characterized as a gene expressed in normal mammary epithelial cells with tumor suppressor properties in breast cancer [2] . Similarly, it was originally described in melanoma cell lines in a study that compared phenotypes of low and high metastatic cell lines and found GPNMB to be preferentially expressed in the low-metastatic or "non-metastatic" cell lines [1, 3] . In this early study, transfection of GPNMB cDNA into BLM cells, a highly metastatic melanoma cell line, resulted in slowed subcutaneous tumor growth and reduced metastasis in nude mice [3] . However, successive transcriptional profiling and tumor microarray studies in primary melanoma and breast cancers established GPNMB as an aggressive pro-metastatic protein [4] [5] [6] . GPNMB is now known to be highly expressed in multiple tumor types, including triple negative breast cancers (TNBC), uveal and cutaneous melanoma, glioblastomas, hepatocellular carcinoma, prostate cancer, osteosarcoma, lung cancer, bladder cancer, and lymphangioleiomyomatosis (LAM) [7] [8] [9] [10] [11] , making it a critical protein in tumor biology and an attractive target for therapeutic interventions.
Research is currently being performed to understand the molecular complexities of GPNMB and the heterogeneity in its expression. The goals of this review are to shed light on current GPNMB discoveries, including its structure and function as it relates to both autocrine and paracrine actions, its role in both normal physiological processes as well as in cancer progression, and to review the current clinical studies targeting GPNMB-expressing cancers.
GPNMB structure and function
The GPNMB gene encodes a type 1a transmembrane protein that has close sequence homology to a common melanocytic protein called premelanosome protein (PMEL17 or gp100) [3] . It is a heavily glycosylated protein with sites for both N-and O-glycosylation [12] . GPNMB https://doi.org/10.1016/j.steroids.2017.10.013 Received 22 October 2017; Accepted 26 October 2017 is localized on the plasma membrane as well as in subcellular locations in various cell types. In normal cells, it is preferentially localized intracellularly, such as in melanosomes and endosomal/lysosomal compartments [13] [14] [15] [16] . However, in cancer cells, including melanoma, TNBC, and glioblastomas, overall GPNMB expression increases and a greater proportion becomes plasma membrane-localized [5, 8, 17] . There are two GPNMB mRNA isoforms encoding 560 and 572 amino acid proteins. Both isoforms consist of a larger extracellular domain (ECD; also called the ectodomain), a single pass transmembrane domain, and a shorter cytoplasmic tail [18] .
GPNMB has been reported to have multifaceted roles, including facilitating cell-cell adhesion and migration, promoting tissue-repair, stimulating kinase signaling, and regulating cell growth and differentiation [17] [18] [19] [20] [21] . It has certain vital domains that regulate these processes. GPNMB harbors an RGD (integrin-binding) motif and a polycystic kidney disease (PKD) domain within the ECD, as well as a half immunoreceptor tyrosine-based activation (hemITAM) motif in the cytoplasmic tail [12] . The RGD motif, composed of three amino acids, R-arginine, G-glycine, and D-aspartate, mediates GPNMB-driven cellcell adhesion in several cellular contexts [15, 21, 22] . In contrast, the function of GPNMB's PKD domain is still unclear. However based on its structure, it may facilitate protein-protein and protein-carbohydrate interactions [23] . Additionally, in melanocytes and melanoma cells, glycosylation of the PKD domain influences differential sorting and localization patterns between GPNMB and its closest homolog PMEL17 [12] , and therefore may influence expression on the plasma membrane. With regard to other domains, the hemITAM motif of GPNMB is a highly conserved single YxxI sequence in the cytoplasmic tail suggested to play a role in cell-intrinsic Src-mediated signaling [24] . Lastly, GPNMB consists of a dileucine motif in the cytoplasmic tail with a D/ ExxxLL sequence, which is commonly associated with functions such as rapid receptor internalization and subsequent lysosomal/endosomal targeting [25] . If either of the leucine residues is mutated, GPNMB is retained at the plasma membrane, as seen with quail GPNMB [12] . However, the significance of these domains in cancer is still unknown.
GPNMB is involved in physiological processes in normal tissues
GPNMB is expressed in a broad range of normal tissue types including bone, skin, immune cells, and the hematopoietic system, suggesting that GPNMB regulates a variety of physiologic processes. For example, within bone, it has been shown to promote the differentiation of both osteoclasts and osteoblasts [16, 22, 26, 27] . Specifically, GPNMB associates with integrin complexes in osteoclasts and mediates osteoclast differentiation and fusion to generate multi-nucleated osteoclasts [22] . Importantly, inhibiting GPNMB in developing osteoblasts hinders their differentiation process as well as weakens their ability to form bone matrix [26, 28] . Therefore, GPNMB appears to be involved in bone development.
In addition to bone, GPNMB is expressed in immune cells, such as macrophages and dendritic cells [14, 29] , and may impair T-cell activation to down-modulate anti-tumor immune responses [13, 30, 31] . Expression of GPNMB in antigen presenting cells such as macrophages and dendritic cells is well documented, which explains its designation as 'dendritic cell-heparin integrin ligand' (DC-HIL) [21] . Interestingly, the PKD domain of GPNMB suppresses T-cell activation [32, 33] ; however, in contrast to this immunosuppressive role, phosphorylation of GPNMB's hemITAM tyrosine residue in dendritic cells induces increased cytokine secretion, particularly tumor necrosis factor alpha (TNFα) and interleukin-1β (IL-1β), augmenting the activation of nearby naïve Tcells [34] .
Within the skin, GPNMB is predominantly expressed in melanocytes, which are found in the skin's basal layer [12, 35] . GPNMB localizes to stage III and IV melanosomes and plays a putative role in melanosome maturation. Furthermore, GPNMB is expressed in other cell types within the skin, including keratinocytes and Langerhans cells [35] , with data suggesting that GPNMB may regulate cell-cell adhesion between melanocytes and keratinocytes [15, 35] .
GPNMB in cancer
GPNMB is expressed in a wide array of tumors and is thus emerging as a therapeutic target. However, the role of GPNMB in cancers is complex, since it has both anti-and pro-tumorigenic properties. GPNMB is expressed at a higher level in numerous malignant cancers relative to normal tissues [5, 9, 17, 36, 37] , and is associated with reduced disease-free and overall survival [9, 17] . GPNMB expression often correlates with increased proliferation, migration, invasion, and decreased tumor cell apoptosis [4, 10, 17, 18, [37] [38] [39] in cancers, including melanoma, triple-negative breast cancer, gliomas, prostate cancer, lung cancer and bladder cancer. In parallel to this observation, as described above, GPNMB's wide range of physiological roles center around its ability to promote a variety of processes, including cell adhesion and differentiation, both of which are important phenotypes observed in cancer metastasis. GPNMB has diverse subcellular localizations depending on cell type, including the plasma membrane of cancer cells, lysosomal vesicles in osteoclasts, and melanosomes in melanocytes. Importantly, as mentioned, plasma membrane localized GPNMB markedly increases in cancer cells compared to benign cells. Notably, this membrane-bound GPNMB can be proteolytically cleaved from the cell surface, primarily in a matrix metalloproteinase (MMP)-dependent fashion, yielding a soluble extracellular domain of GPNMB containing the RDG motif. Some studies suggest that this shed extracellular domain may account for many of GPNMBs pro-tumorigenic roles (see below).
GPNMB promotes tumor growth and cancer cell invasion
The functional role of GPNMB in the tumor microenvironment has been extensively studied in culture and in various mouse models, especially with regard to breast cancer and melanoma. In contradiction to previous reports on breast cancer characterizing GPNMB as a tumor suppressor expressed in normal epithelial cells, recent reports have identified it as a driver of primary tumor growth and invasion, promoting endothelial cell recruitment and potentiating lung and bone metastasis [17, 18, 20] . GPNMB was first implicated as a promoter of breast cancer metastasis when it was detected in elevated levels in select subpopulations of 4 T1 mouse mammary carcinoma cells that aggressively spread to the bone, lungs, and liver [4, 18] . Moreover, GPNMB overexpression in poorly metastatic 66cl4 mouse mammary carcinoma cells sufficiently increased their invasion in culture and stimulated bone metastasis in vivo [4] . Furthermore, GPNMB expression enhanced tumor growth in vivo in GPNMB-expressing 66cl4-derived mammary tumors compared to control mammary tumors, although this effect was attributed to decreased apoptosis rather than a difference in proliferation. Additionally, vascular density of these tumors, as quantified by positive CD31 staining, was significantly higher in GPNMBexpressing mammary tumors, indicating that angiogenesis may increase in the presence of GPNMB [18] . Notably, tissue microarray data show that GPNMB is found in the tumor-epithelium of approximately 10% of human breast cancers and in the stroma of nearly 70% of breast cancers [17] . It is primarily overexpressed on the cell surface in basal type breast cancers, particularly triple negative breast cancer (TNBC) [17, 36] , as well as in cells of the tumor stroma [12] .
Since GPNMB is a melanocytic marker predominantly expressed in melanocytes, investigating its role in melanoma is of considerable interest. Malignant melanoma is an extremely aggressive cancer and the most life-threatening skin cancer [1] . Despite widespread efforts to discover treatment options, it is unresponsive to conventional agents, though immunotherapy is becoming the primary approach toward treatment of melanoma [5] . GPNMB was found to be highly expressed in human melanoma cell lines as well as melanoma patient samples [5] . Transcript expression data showed that GPNMB mRNA co-expressed with other melanocytic markers such as PMEL-17, MART-1, and tyrosinase. In addition, flow cytometry confirmed that GPNMB is expressed on the cell surface of most melanoma cell lines [5] .
In a recent study, short hairpin (sh) RNA-mediated suppression of GPNMB in B16 melanoma cells reduced subcutaneous tumor growth when injected into syngeneic mice. However, this result was not obtained when these cells were injected into immunodeficient mice. This observation led to the hypothesis that GPNMB may exert an inhibitory function on T-cell activation to promote tumor growth. Hence, GPNMB may impair melanoma-reactive T-cell activation, thereby allowing cancer cells to evade immunologic recognition and destruction [40] . This is, however, only one of the many mechanisms through which GPNMB exerts its pro-tumorigenic properties.
Fiorentini et al. demonstrated that silencing GPNMB reduced the proliferation rate by 32.5% and migratory potential by 63% in DU145 human metastatic prostate cancer cells [41] . Moreover, GPNMB dramatically increased the number of apoptotic cells, similar to mammary tumor models, suggesting that GPNMB-induced impairment of apoptosis may be a key process involved in prostate cancer cell growth regulation [41] . Similar migration results were obtained in PC3 prostate cancer cells after transiently knocking down GPNMB; however, the reduction in proliferation rate was not dramatic. Likewise, Zhang et al. evaluated the functional role of GPNMB in 5637 and BIU87 bladder cancer cells. Their results demonstrated that downregulating GPNMB significantly suppressed bladder cancer cell proliferation, migration, and invasion. Strikingly, cox multivariate analysis indicates that high GPNMB expression is a risk factor of poor prognosis for bladder cancer patients [42] .
In a recently published study, Prizant et al. introduced GPNMB as a novel biomarker of lymphangioleiomyomatosis (LAM), a rare and devastating progressive cystic lung cancer. This study demonstrated positive GPNMB staining in LAM-like tumor cells in the lymph nodes and uterus, as well as uniform staining within LAM nodules and the walls of lung cysts in lung LAM from five different patient samples [7] .
Taken together, these studies present evidence that GPNMB has a multifaceted role in various types of cancers, and modulates the tumor microenvironment such that it facilitates tumor growth and metastasis via enhanced cancer cell invasion.
Mechanisms of GPNMB actions in cancer
There are primarily two proposed mechanisms through which GPNMB may promote metastatic processes and modulate the tumor microenvironment ( Fig. 1): (1) Paracrine signaling: recent mechanistic studies focus on membranebound GPNMB shedding its RGD-containing extracellular domain, which may act in a paracrine fashion to interact with integrins to directly promote growth, invasion, and metastasis, as well as to facilitate in the recruitment of immune-suppressive and pro-angiogenic cells to the tumor microenvironment. (2) Autocrine signaling: another possible mechanism is that GPNMB modulates receptor tyrosine kinases (e.g., Epidermal Growth Factor Receptor (EGFR) or Vascular Endothelial Growth Factor Receptor (VEGFR)) and integrin signaling in a cell autonomous fashion, leading to downstream kinase signaling triggering the expression and secretion of tumorigenic factors such as MMPs and cytokines.
The following sections elaborate on these potential mechanisms in detail.
GPNMB ectodomain shedding: A vital process underlying GPNMB's pro-tumorigenic effects is its ability to be shed from the plasma membrane. While the exact mechanisms governing this process are still not known, evidence suggests that ADAM10 (A Disintegrin and Metalloproteinase), belonging to the MMP family of proteolytic enzymes, is responsible for GPNMB cleavage. Once cleaved by ADAM10, the shed ectodomain (which contains the RGD domain) is a biologically active and soluble molecule that appears to at least in part mediate most pro-tumorigenic phenotypes, including cell-cell adhesion, migration and invasion [11, 13, 18, 30, 31] . The level of GPNMB ECD released into the conditioned media of GPNMB-expressing BT549 and basal-like MDA-MB-468 breast cancer cells was prominently diminished after transient siRNA mediated knockdown of ADAM10 [18] .
Regulation of MMPs: In addition to being a target of MMPs, GPNMB (potentially both the intact protein and ectodomain) is also known to activate MMPs, a process that promotes cancer cell migration and invasion. A recent study showed that GPNMB increased invasiveness of DU145 and PC3 through increased MMP2/9 activity. Notably, ERK phosphorylation was not modified by GPNMB silencing in both DU145 and PC3 prostate cancer cell lines [41] , suggesting that the regulation of MMP2/9 by GPNMB was independent of ERK. In contrast, LPS treatment upregulated GPNMB expression in activated microglia, inducing a GPNMB-dependent increase in MMP3 expression through the ERK pathway [43] . Moreover, in this model, knocking down GPNMB via siRNA or treatment with an MMP3 inhibitor in microglia BV2 cells suppressed expression of pro-inflammatory factors, including TNFα, IL-1β, NO (nitric oxide), and iNOS (inducible nitric oxide synthase) [43] , consistent with previous reports suggesting that GPNMB is pro-inflammatory through regulation of T-cell activation.
Interaction with integrins and other cell surface receptors: A study on breast cancer metastasis shed light on a novel interaction between the tumor-specific integrin α5β1 and the extracellular RGD domain of GPNMB to drive breast cancer cell metastasis, most likely via the FAK/ Src pathway [20] . Plating BT549 breast cancer cells on fibronectin enhanced GPNMB/α5β1 interactions and FAK/Src signaling, as the integrin α5β1 serves as a receptor for fibronectin [20] . Of note, mutations in both the cytoplasmic tail (cytoplasmic tail truncation) and the extracellular RGD domain (RGD to RAA substitution) eliminated this process, suggesting that full length, membrane-bound GPNMB may be needed to mediate breast cancer cell invasion and growth in vitro. In contrast, only the intact RGD domain was required to facilitate lung metastasis in vivo [20] , suggesting that the RGD-containing extracellular domain may be the integrin-interacting part of GPNMB, and that the shed ectodomain may be most important during metastasis.
In fact, another study showed that the GPNMB ectodomain engaged with RGD-containing β1 integrins, leading to formation of focal adhesions, followed by increased FAK and ERK activity [44] . In parallel with these observations, a GPNMB ECD-coated plate behaved similarly to a fibronectin plate in terms of promoting lung cancer cell adhesion, confirming that GPNMB binding to integrin in any context (direct cellcell contact or via the shed ectodomain) is key for cell growth and invasion [8, 11] .
Therefore, the GPNMB extracellular domain exerts both paracrine and autocrine effects by interacting with integrins and stimulating downstream signaling in neighboring tumor cells and stromal cells to enhance tumor metastasis. One possible interpretation of these data is that the tumor intrinsic functions of GPNMB are important primarily for tumor growth, and require both intracellular and extracellular domains. In contrast, the shed GPNMB ECD and its extracellular domain consisting of the RGD motif may be driving tumor microenvironment modulation and metastasis [8] .
Crosstalk between GPNMB and Receptor Tyrosine Kinase Signaling: Apart from GPNMB's interactions with integrins, which may occur via both membrane-bound GPNMB and its shed ectodomain, recent studies reveal interactions between membrane-bound GPNMB and receptor tyrosine kinases. Neuropilin-1 (NRP-1; a co-receptor for VEGF) co-expresses with GPNMB in breast cancer cells [20] . GPNMB increases neuropilin-1 expression in multiple human and mouse breast cancer cell lines, which induces VEGF receptor signaling and primary mammary tumor growth, possibly through ERK or AKT signaling pathways. In this model, upon GPNMB mediated upregulation of NRP-1 expression, NRP-1/VEGF receptor signaling leads to recruitment of macrophages and myeloid cells into the microenvironment. In a positive feedback loop, VEGF produced by the infiltrating macrophages and surrounding endothelial cells in the tumor stroma further activates the NRP1/VEGFR2 signaling axis, promoting increased downstream signals that amplify tumor cell growth.
As another example of GPNMB-receptor tyrosine kinase interactions, a recent mechanistic study demonstrated an important role for intact membrane-bound GPNMB engaging with cell surface EGFR receptors in triple-negative breast cancer. In this study, GPNMB was associated with an HB-EGF-stimulated EGFR:GPNMB heterodimer complex [45] . Upon HB-EGF stimulation, EGFR phosphorylated the tyrosine residue in GPNMB's hemITAM motif, leading to heterodimer formation and interaction with LINK-A (long intergenic non-coding RNA for kinase activation), a cytoplasmic long non-coding RNA (lncRNA). This complex formation then activated BRK (Breast tumor kinase), which mediated phosphorylation of hypoxia-inducible factor 1-alpha (HIF1α), allowing for its stabilization and upregulation of target genes, thereby promoting glycolysis reprogramming and tumorigenesis [45] .
GPNMB promotes epithelial-mesenchymal transition (EMT): Finally, GPNMB may promote metastasis by augmenting EMT of breast cancer cells. Using a microarray analysis, GPNMB was identified as a MAFK (musculoaponeurotic fibrosarcoma oncogene family of small transcription factors) regulated gene in NMuMG cells [46] . Intriguingly, GPNMB or MAFK over-expression stimulated EMT, migration and invasion in vitro, as well as tumor growth in vivo [46] . This response was markedly abrogated by creating a GPNMB mutant whereby the Tyr529 residue within the hemITAM motif was replaced with a phenylalanine, with almost complete failure to induce GPNMB-driven tumor sphereformation, tumor growth, and EMT [46] . Treatment with the Src inhibitor dasatinib plus the EGFR inhibitor AG1478 had a similar effect, suggesting that Src and the EGFR may be mediating phosphorylation of Tyr529 to promote GPNMB-mediated tumor progression [46] .
GPNMB-targeted therapies
Selectively targeting tumor cells is a novel and valuable emerging therapeutic approach. One developing method is to optimize antibodydrug conjugates (ADCs). As the name suggests, ADCs consist of targetspecific antibodies bound to cytotoxins. ADCs act as vehicles to deliver cytotoxins specifically into the tumor cells. There are currently more than 60 ADCs in clinical settings and each uses different approaches, primarily based on the biology of their target [36] . However, the efficacy of ADCs is limited by a number of factors, including intra/intertumoral heterogeneity and the level of the target protein expression in tumor tissue. Some other challenges may include selectivity of the ADC and its internalization rate [36] .
GPNMB is an attractive therapeutic target not only due to its important role in driving cancer progression, but also its enhanced cell surface localization on cancer cells compared to its mostly intracellular localization in normal cells. In fact, an ADC targeting GPNMB called glembatumumab vedotin (GV, also called CDX-011 or CR011-vcMMAE) [8] is currently in clinical studies for various cancers, predominantly melanoma and advanced breast cancer.
The history of GV began with the development of a fully human monoclonal antibody named CR011 that was generated against the extracellular domain of GPNMB. However, CR011 did not inhibit the melanoma growth, possibly due to its rapid internalization. Interestingly, CR011 did effectively inhibit cell growth when it was combined with a toxin (saporin) -conjugated secondary antibody [5] . Consequently, this led to the development of CDX-011, which consists of the human GPNMB-specific monoclonal antibody CR011 conjugated to a highly potent anti-mitotic agent called monomethyl auristatin E (MMAE) [36] . This conjugation occurs via a valine-citrulline linker (vc; a protease-specific peptide linker). The mechanism of CDX-011 actions is a multi-step process that involves CR011 binding to cell surface GPNMB, internalization that is facilitated in part by the vc linker, and then cleavage within cellular endosomes, yielding the MMAE toxin that then binds to β -tubulin, resulting in the inhibition of mitosis followed by cell death due to impaired microtubule structure [5, 47, 48] .
Preclinical studies
Notably, CDX-011 treatment produces anti-tumor effects on human melanoma both in vitro and in vivo [5] . In studies by Tse et al., CDX-011 potently and specifically inhibited growth of GPNMB-positive SK-MEL-2 and SK-MEL-5 melanoma cells in vitro, with IC50 values of 216 and 300 ng/mL, respectively; however, they observed no effects of CDX-011 on GPNMB-negative cells or on tumor cells in which GPNMB levels had been knocked down (IC50 > 1000 ng/mL) [5] . Furthermore, over-expression of full-length GPNMB in HEK293 cells that do not endogenously express GPNMB [5] rendered transfected, but not parent, cells susceptible to CDX-011. Thus, GPNMB expression appears to be both necessary and sufficient to sensitize cells to CDX-011 [5] . Additionally, CDX-011 produced dose-dependent inhibition of melanoma tumor growth in a human melanoma SK-MEL-2 xenograft model at a very low dose (1.25 mg/kg) [5] , and regressed tumors did not regrow through a post-treatment duration of 200 days. Importantly, CDX-011-associated deaths, toxicities, abnormal behavior, or weight loss were not observed [5] .
These studies were confirmed by Pollack et al., who also observed that CDX-011 produced potent cytotoxic effects in human SK-MEL-2 cells in vitro [1] . They further showed that CDX-011 induced regression of established SK-MEL-2 and SK-MEL-5 xenografts in athymic mice in a dose-dependent manner, with a half-life of approximately 10 days [1] . Both short-term (inhibition of tumor growth) and long-term (complete regression) effects were observed. Furthermore, Kobb et al. tested the activity of CDX-011 in GPNMB-positive osteosarcoma xenograft models [49] , finding that CDX-011 induced tumor growth inhibition in these xenografts, whereas GPNMB-negative rhabdomyosarcoma xenograft models showed limited response to CDX-011.
Although data presented in these preclinical models is promising, it is important to note that the CR011 antibody does not recognize and bind to mouse GPNMB (expressed by normal tissues). Thus, in vivo studies performed in mice may underestimate the toxicities induced by CDX-011. Moreover, most of these studies were conducted in immunocompromised mice, which negates the possibility of potential immunoregulatory responses against the ADC, which could impact the pharmacokinetics of the drug [1] . Nonetheless, based on the outcomes of these different studies, examining the relevance of CDX-011 in a clinical setting and continued evaluation of CDX-011 for the treatment of GPNMB-positive cancers is merited.
Clinical studies
Based on the aforementioned preclinical data, CDX-011 has been evaluated in phase I/II clinical trials for patients with melanoma and advanced breast cancer [50, 51] .
The first clinical study was performed in melanoma by Ott et al., who investigated various doses of CDX-011 treatment in advanced melanoma patients. They reported 1.88 mg/kg once every 3 weeks as the recommended phase II dose. Based on the success of this clinical trial, which resulted in a promising objective response rate (ORR) of 15%, subsequent clinical trials with CDX-011 have been conducted [50] .
Accordingly, 42 patients with metastatic breast cancer were recruited for a Phase I/II study, in which the same dose of CDX-011 resulted in an ORR of 12%. In this study, confirmed expression of GPNMB was not required [36] . Promisingly, a small subset of TNBC patients with GPNMB-expressing tumors had an ORR of 25% [37] . Interestingly, cell death in response to CDX-011 treatment was observed regardless of whether GPNMB was expressed on the tumor cell or detected only in the tumor stroma, suggesting a "bystander tumor cell killing" effect of CDX-011 [36] . It is possible that cells undergoing apoptosis release toxins causing neighboring cancer cells to undergo apoptosis.
Due to the encouraging results from this phase I/II study, the EMERGE study was initiated. This phase II randomized study was primarily designed to evaluate CDX-011 activity specifically in GPNMBexpressing breast cancer patients (patients whose breast cancer expressed GPNMB in at least 5% of tumor epithelium or stromal cells), and secondly to identify any correlation between CDX-011 activity and GPNMB expression pattern [37] . Unfortunately, there was no significant advantage of CDX-011 treatment. However, there was significant benefit of CDX-011 treatment in patients with TNBC (ORR of 40%), since more than 25% of these tumors expressed GPNMB. A shortcoming of this study was the small sample size, making it difficult to generalize the conclusions. To address this limitation, a pivotal ongoing phase II clinical trial called METRIC (NCT01997333) focusing on CDX-011 treatment specifically in patients with TNBC with tumors overexpressing GPNMB [37] . Although these clinical trials established significant antitumor activity by CDX-011, there were frequent side effects observed in patients due to CDX-011 associated toxicity, including rash, fatigue, diarrhea, neuropathy, and myalgia [50, 51] .
New directions for drug targeting
Confounding factors impacting the activity of ADC's include inter/ intra tumoral heterogeneity in the target protein expression, and shedding of plasma membrane proteins generating a soluble form of the target protein that may compete with it for ADC binding [6] . Therefore, studies were undergone to determine how to increase cell surface GPNMB expression in melanoma and glioblastoma cell lines.
Melanoma cell lines harboring either NRAS or BRAF mutations have constitutive ERK signaling that maintains cells in a dedifferentiated state by suppressing the expression of differentiation-associated genes such as GPNMB [6] . Hence, in cancer cells with constitutively active ERK signaling, GPNMB might be subjected to partial repression. In vitro studies demonstrate that blocking the MAPK pathway using MEK inhibitors leads to increased GPNMB expression in BRAF or NRAS mutated melanoma cells, but not in melanoma cells with wild-type NRAS/ BRAF [6] . Thus, pretreatment with a MEK inhibitor may sensitize melanoma cells to the growth-inhibitory activity of CDX-011 by enhancing cell surface GPNMB expression [6] .
In addition to MEK inhibition, other compounds have been shown to increased GPNMB expression, including imatinib (an tyrosine kinase inhibitor specific to Abl), ammonium chloride (which inhibits protein degradation in lysosomes/endosomes), chloroquine (may also affect protein degradation), and GM6001 (a general metalloproteinase inhibitor that my eliminate shedding of the ectodomain) [6] .
Conclusions
Current understanding about GPNMB has grown tremendously in the past several years, and collectively recent literature emphasizes GPNMB's critical role in promoting cancer progression. However, there is no true agreement on GPNMB's underlying mechanism(s) with regard to promoting tumor progression. For example, the reason why GPNMB localization at the membrane is enhanced in cancer cells is not fully elucidated. Furthermore, the contributions of the membrane-bound full length GPNMB, intracellular GPNMB, versus shed GPNMB ectodomain with regard to tumor growth, invasion, and metastasis, have still not been delineated. Hence, more work is required to fully understand GPNMB's paracrine and autocrine actions. As our understanding of these processes improves, our ability to design better GPNMB-targeted therapeutic approaches will expand, which may lead to further improvements in the treatment of GPNMB-expressing cancers.
